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INVESTIGATION  OF  NOVEL  ELECTRICAL  TRANSPORT  PHENOMENA 
IN  IN  SEMIMETAL-SEMICONDUCTOR  HETEROSTRUCTURES 


Teny  D.  Gdding  and  Jcrfm  H.  Kfiller,  Jr. 

DepaniKiuofPHysics 
University  of  Houston 

A.  STATEMENT  OF  PROBLEM 

The  project  invtdved  an  experimental  investigation  of  the  electrical  transpmt 
properties  of  semimetal-semicooductar  based  heterostmctuies  and  devices.  The  structures 
ctMisisted  of  elemental  (Sb)  semimetals  in  combination  with  antimonide  based  DI-V 
semiconductors  (GaSb).  The  investigaticm  of  these  novel  semimetal-sendcondnctor 
heterostructures  was  modvated  by  their  unique  electronic  propenies  and  potential  device 
ai^lications,  including  high  conductivity  interconnects,  double-barrier  semimetal-base 
resonant  tunneling  transisttxs,  and  nanostructures  operating  in  the  mesoscopic  regime.  The 
stnictures  were  ^thesized  using  molecular  beam  epitaxy,  and  their  structural  and  electrical 
transport  properties  were  investigaied. 


B,  SUMMARY  OF  IMPORTANT  RESULTS 

We  investigated  SbAiaSb  hetercgunctions  and  multilayers,  and  demonstrated,  for 
die  first  time,  the  abiliQr  to  synthesiase  such  structures  qntaxially.  All  structures  were 
grown  by  molecular  beam  qiitaxy  and  migration  enhanced  qiitaxy  in  a  conunercial  (Riber 
32)  growdi  duunber,  enqilpying  a  standard  Sb  effusion  cell  and  standard  liquid-metal  Ga 
source.  The  substrates  were  nominally  undoped  (p*type)  GaSb(100),  (111)A  and  (111)B 
indium  bonded  to  molybdenum  blocks. 

Growth  of  Sb  on  GaSb  for  (100),  (111)A,  and  (lll)B  orientations  was 
investigated.  Prior  to  Sb  deposition,  a  GaSb  homoqntaxial  buffer  was  grown.  Epitaxial 
growth  of  Sb  on  bodi  GaSb(lll)A  and  (111)B  was  soccesdiil,  and  was  achieved  by 
inoeasiiig  die  Sb  residenoe  lifelime  on  die  GaSb  surface  by  lowering  the  temperature  below 
a  nudeatioa  tenqieratnie,  7«(7sb)  (where  /sb  is  the  Sb  flux)  which  we  found  to  be 
indqiendent  of  growth  orientation.  For in  our  study,  7,^260^  Bdowdiis 
temperature,  difl&action  lings  iruBcattvc  of  polycrystaBine  growdi  were  observed. 

Our  studies  found  that  a  slow  initial  growdi  rate,  for  whidi  accomodation  and 
desorfMkm  are  only  slighdy  unbalanced,  is  a  hi^y  critical  ctxidition  for  qutaxy.  For 
exanqile,  if  die  suifooe  concentration  of  Sb  was  increased  rapidly,  by  cooling  quiddy 


throa^  Tm,  then  mult4>ly  oriented,  three-dimensional  growdi  occuned.  However,  a 
significant  finding  was  diat  Sb  could  be  successfully  nucleated  below  Tn  if  the  GaSb 
suifiKe  was  not  exposed  to  an  Sb  flux  for  a  petiod  of  several  seconds.  Such  results 
suggest  dut  die  successful  nucleation  of  Sb  is  quite  dependoit  on  the  degree  of  Sb  surface 
coverage  on  die  GaSb  surface. 

Having  nucleated  and  grown  epitaxial  Sb  at  a  fixed  temperature,  we  found  that 
GaSb  could  be  grown  on  the  Sb  epilayers  at  a  temperature  compatible  with  the  Sb  growth 
using  MEE.  Upon  initiating  growth  of  GaSb,  the  streaked  (Ixl)Sb  RHEED  pattern 
evolved  into  a  pattern  1x1  wide  streaks,  with  broad  ^ots,  indicative  of  a  surface  which 
is  rou^  on  the  order  of  a  few  monolayers.  This  pattern  persisted  throughout  growth  of 
GaSb  layers  up  to  0.3  pm  thickness.  A  possible  explanatkm  of  this  roughness  is  the 
presence  of  antiphase  domains.  Further  studies  are  now  underway  to  investigate  die 
necessary  growdi  parameters  for  optimal  stuctural  prcqieities. 

X-ray  diffiracticMi  scans  were  perftHmed  altmg  the  <10X>  direction  of  the  reciprocal 
lattice  using  a  hexagonal  cotxdinate  system  in  which  <00*  1>  is  parallel  to  <111>  of  the 
cubic  systeoL  Figure  1  shows  a  scan  obtained  from  a  2000  A  GaSb  qiilayer  grown  on  a 
2300  A  Sb  epilayer.  Reflection  peaks  at  10*7  and  10*8  for  both  Sb  and  GaSb  are 
observed.  Scans  of  homoepitaxial  GaSb  exhibited,  as  expected,  no  peaks  at  10.8.  The 
10x8  peak  for  GaSb  in  this  structure  is  therefore  interpreted  as  originating  from  die 
terminal  GaSb  epilayer.  An  off-axis  scan  confimied  that  the  Sb  epilayer  has  a 
ifaombohedral  structure  and  the  in-plane  lattice  parameter  for  die  Sb  layer  was  found  to 
match  that  the  GaSb  in  the  (1 1 1)  plane. 


Out  ofplaiie  hexagonal  Miller  index  I  (Zxfc] 

Fig.  L  X-ny  scan  along  die  (hexagonally  indegied)  <10*1>  direction  of  a  2000  A  GaSb/lSOO  A  St/ZSOO 
AQaSlii8jtaSb(lll)siiacine.  AbecisHite  in  units  of  2x/!c,  where  c  is  the  out  of  plane  latiiceimnieier  of 
the  GaSb  unit  oeU. 


I¥om  magiieioiriiiqKict  measufODents  on  a  1.9-|iiii-tfaick  Sb  film  grown  on  a 
homoqMtaxial  Iqwr,  Rga.  2  and  3  show  ten:q)erature-dq)endent  electron  and  bole  doisities 
and  mohiHtiea  obtained  from  a  mixed  conduction  analysis  of  the  field-dependent  data.  As 
expected  for  sendrnrtallic  Sbt  the  low-tenqterature  n  and  p  in  Fig.  2  are  equal  and  neariy 
independent  of  r.  However,  die  densities  obtained  cm*^)  are  a  factor  of  2  larger 

dum  dioae  appropriate  for  bulk  Sb^  (see  die  arrow  in  the  figure).  The  apparent  decreases 
(etqiecially  of  n)  at  hi^ier  temperatures  should  be  viewed  as  an  artifact,  possibly  related  to  a 
diennal  acdvadon  ci  die  carriers  into  lown-mobility  states  which  are  less  sensitively 
probed  by  pn(S)  and when  B  ^  7  T. 


Fig.  3.  Baperiaieatal  dectrea  and  hole  laohilitiei  vs.  lempename  (poimsX  for  te  smw  Sb  filai  whoee 
caDriercoiKeniBMioasaeedKiwniBFif.2.  TliedMhed  corves  are  nobiliiiesiDrtadkSb,  which  have  been 


The  laife  low-teaqienturB  mobilities  in  Hg.  3  (>  3xl04  cinVV*s  for  both  elections 
and  holes)  ooofinn  the  high  quality  of  the  Sb  qiitaxy.  While  the  mobilities  at  low  T  are 
probaUy  Btirised  by  some  fiocm  of  suifMe  roughness  scattering,  a  decrease  due  to  phonon 
acattering  b^iiis  at  r">20  K.  In  die  phonon  regime,  the  slopes  of  liJD  are  quite  similar  to 
die  bulk  dependences^  indicated  by  die  curves.  However,  the  qiilayer  mobilities  lie 
factocs  of  2-3  lower  than  the  bulk  values.  The  lower  phootm-liimted  mobilities  in  Hg.  3 
and  die  higher  electron  and  hide  concentrations  in  Hg.  2  imply  diat  the  band  structure  in 
our  qntaxial  layers  has  been  altered  sli^iitly  from  its  bulk  form,  possibly  due  to  strain 
(udnch  is  expected  to  be  small  because  of  the  close  lattice  match). 

Summarizing,  die  Sb/GaSb  system  has  been  proposed  as  a  unique  new  material 
which  has  significant  potential  for  quantum  transport  studies,  electronic  devices, 
incorporating  semimetal/semiconductor  heterostructures,  and  for  infrared  optical  and 
nonlinear  t^tical  qiplicatitxis  requiring  an  indirect  narrow  band-gap  material.  We  have 
demonstrated  die  growdi  of  both  single  Sb/GaSb  heterocpitaxial  layers  and  elementary 
GaSb/Sb/GaSb  mulilayer  structures  using  MBE  and  MEE  on  GaSb  [111]  substrates. 
Magnetotransport  measurements  have  yielded  electron  and  hole  mobilities  in  excess  of 
3x10^  cni^/V’S,  which  conreqiond  to  mean  free  padis  of  >2  /im  for  bodi  carrier  types. 
Fudier  studies  are  currendy  underway  to  characterize  die  tranqiKxt  and  optical  properties  of 
Sh/QaSb  multilayer  structures. 
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